Background: Randomized clinical trials provide gold-standard evidence for the efficacy of interventions, but have limitations, including highly selected populations that make inference on effectiveness difficult and a lack of ability to adapt and change midstream. Methods: We propose two innovations for pragmatic trial design. Results: Evidence-based evolutionary testing, a framework that allows adaptation of interventions and rapid-cycle innovation, preserves the power of randomization while acknowledging the need for adaptation and learning. An opt-out consent framework increases the fraction of the target population who participate in trials, but may lead to dampening of effect sizes. Conclusion: Pragmatic trials offer numerous advantages in the evaluation of behavioral interventions in health. Statistical innovations, including evidence-based evolutionary testing and opt-out framing of consent and enrollment processes, can enhance the power of pragmatic trials and lead to more rapid progress.
Introduction
Randomized controlled trials (RCTs) have long been the gold standard for evaluation of therapies and health interventions-randomization provides the only solid foundation for direct comparison of groups unconfounded by measurable or unmeasurable characteristics. 1, 2 The classic RCT has well-known limitations, however. RCTs can be time-consuming and expensive. Most worryingly, they often have restrictive eligibility criteria, resulting in a highly selected trial sample that may not be representative of the target population. While randomization is critical to the valid comparison of groups exposed to intervention or control, eligibility restrictions often yield very different groups enrolled or not enrolled. This means that after considerable effort, expense, and time, RCTs may yield conclusions of limited value and applicability-providing high-confidence answers to questions of less broad value than intended. Pragmatic clinical trials reflect an attempt to address these limitations while preserving the crucial benefits of randomization. 3 Pragmatic trials include at least four features that offer advantages. 4 First, they specify a largely unrestricted population with few eligibility criteria, recruited from diverse settings. This leads to both increased feasibility and simplified screening procedures and broader generalizability to the target population. Second, pragmatic trials are designed to evaluate simple, clinically relevant interventions that require no specialized expertise or capabilities on the part of providers or the health care system. This means that any successful interventions can be widely scaled. Importantly, those interventions are intended to be as relevant at the end of the trial as they are at the start. Third, pragmatic trials rely on simple, easily measured outcomes that can be obtained from standard sources, such as electronic health records or insurance claims data. This means that supplemental data collection efforts are unnecessary, and trial participants need not have extra study-specific visits or interviews. Fourth, pragmatic trials often involve non-standard randomization in order to accommodate practical constraints; cluster randomization and/or uneven randomization ratios are common.
While pragmatic trials can apply to many areas of health, trials involving health behavior are especially well suited to these designs. For example, in a randomized trial comparing the effects of different drugs, our theory about the mechanism of effect might be largely based on our understanding of physiology. We might expect that physiology to be similar between those who enroll in the trial or not. In this case, results obtained even from a highly selected set of research participants might plausibly be seen as relevant to the much larger population of patients to whom the results might later be applied.
In contrast, in a randomized trial comparing the effects of different techniques to encourage medication adherence, diet, or fitness, our theory about the mechanism of effect might be largely based on our understanding of human behavior and motivation. Those underlying processes might differ considerably between those willing or not willing to enroll in a clinical trial. If only the most motivated people are willing to enter a trial that aims to increase medication adherence, then we ought to have less confidence that the differences we observe in the highly selected enrolled group will be relevant to a largely unselected group likely to have considerably less motivation. In this case, the selection process for trial enrollment establishes predictable external confounding that defeats or at least undermines the reduction of internal confounding provided by randomization. To the extent that pragmatic designs facilitate studies in less selected populations, they reduce this challenge to external validity.
Behavioral economics
These considerations are of growing importance because trials of behavioral interventions are increasingly generated from the promise of behavioral economics. Behavioral economics seeks to combine insights from both economics and psychology and recognize that as humans we often fail to do things that are in our best interests. Traditional economic theory views these departures as irrational. The primary insight of behavioral economics is not just that we tend to be irrational, but that we tend to be irrational in predictable ways. Indeed, it is the predictability of our common decision errors that can help us design tools to overcome them. 5 For example, we eat the tempting dessert before us right now even though we know it competes with our long-term goal of losing weight; we fail to take our medications today even though we know they will improve our future health. These are examples of present bias, in which events occurring in the present or near future are weighted disproportionally to events in the more distant future. Other biases identified by behavioral economics include our difficulties understanding low probability events-leading people to equate risks of 1% with risks of 0.01%; our sensitivity to social norms and comparisons-leading people to do what they believe others do, regardless of whether that is the right decision; loss aversion-in which we are more motivated by the prospect of losing US$100 than the prospect of gaining US$100; and status quo biasin which whatever choice is presented as the default is substantially favored, whether it was a good choice or not. None of these tendencies is rational in the sense that each of them is as likely to lead us away from our goals as toward them. [6] [7] [8] Recent advances in behavioral economics have harnessed these common decision errors to redirect behaviors toward personal goals, like weight loss or fitness, rather than away from them. For those reasons, behavioral economics offers considerable innovation and promise for improving the outcomes of chronic conditions like heart disease and diabetes that often require considerable engagement of patients toward their management.
Chronic diseases are often managed through longterm use of medications, and yet consistent use of medications is extremely poor. A study of 4783 patients with hypertension prescribed a once-a-day antihypertensive (arguably the simplest regimen) showed that only about half were still taking the prescribed medication after a year. 9 A similar pattern emerges for patients with high cholesterol who are prescribed statins. [10] [11] [12] In patients with coronary artery disease, medications such as aspirin, beta blockers, statins, and antiplatelet agents significantly reduce the rate of repeat cardiovascular events and repeat treatment procedures in these patients. Yet, adherence to these medications is frustratingly low; [12] [13] [14] [15] [16] [17] [18] [19] for example, only about 39% of patients prescribed statins, aspirin, beta blockers, and platelet blockers after a heart attack are still taking those medications a year later. 20 Existing approaches to improving medication adherence, including patient education, encouragement of self-monitoring, and simple financial incentives such as copayment reductions, have had only modest effects.
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Statistical issues in pragmatic trials
Two recent trials provide useful examples of the application of interventions drawn from behavioral economics aimed at improving medication adherence, conducted in a way that incorporates pragmatic trial features. The first was a four-arm cluster-randomized trial of patient incentives, provider incentives, and shared incentives in 1503 patients with high cardiac risk and elevated high-density lipoprotein cholesterol (LDL-C) (the ''shared incentives'' trial). 23 The second was a two-arm trial of a comprehensive automated hovering intervention in 1509 patients discharged from the hospital after a myocardial infarction the HeartStrong Program 24 . ''Automated hovering'' 25 is a concept developed in recognition of the fact that most patients, even those with multiple chronic diseases, spend only a fraction of their waking hours each year with health care providers; effective interventions must engage patients not only in the physician's office, but in their daily lives, and in ways that are low-cost and scalable. The HeartStrong program used a suite of interventions including a daily lottery for medication adherence, automated feedback to patients and their designated medication partners, and access to program advisers and social workers. Each of these trials involved a number of pragmatic aspects raising important statistical issues and challenges. In the next sections, we describe these challenges, discuss two broad approaches to overcoming them, and discuss their implementation in the two trials described.
Two primary advantages of pragmatic trials are simplicity and generalizability. Simplicity, in both the design of the intervention and the conduct of the trial and data collection, makes trial participation possible for a wider range of participants (both individual participants and health care organizations that might eventually implement the intervention under study). This, in turn, leads to greater generalizability, with the ultimate goal of assessing effectiveness and not simply efficacy. These same features, however, can lead to an attenuation of the effect of the intervention because underlying motivation and activation likely have important moderating effects on response. As a result, pragmatic trials of behavioral interventions may require more participants in order to achieve adequate statistical power to detect effect sizes that are both realistic and clinically meaningful.
Two innovations
Evidence-based evolutionary testing
We have adapted the traditional RCT using the framework of evidence-based evolutionary testing (EBET) 26 to better incorporate ongoing improvement in care processes but retain the appealing RCT features that allow definitive program evaluation. Rather than deploy a single intervention during the proposed study period, we begin with our current state-of-the-art standard (call this Version 1). After conducting side experiments designed to optimize certain features of the intervention, as well as gaining operational experience from the period of initial deployment, we propose deployment of an enhanced intervention (called Version 2) about midway through the trial period. Randomization to active treatment at a 2:1 ratio relative to control provides equally sized groups receiving usual care, Version 1, and Version 2, thus optimizing statistical power across a range of hypotheses of interest. The primary hypothesis test involves comparing the combined intervention groups to the control group; the unbalanced randomization makes this comparison marginally less efficient than a standard balanced approach. It allows additional tests of interest, however, such as comparison of Version 1 and Version 2 to the control group. Note that a comparison of each version alone to its contemporaneous control group preserves direct randomizationbased comparability, but has lower efficiency because of the smaller sample size; comparison of a single version to the combined control group results in the opposite effects. It may eventually be of interest to compare Version 1 and Version 2 directly to isolate the effect of improvements made during the course of the trial; because this comparison is not protected by randomization and is confounded by time, careful consideration must be given to the length of the study period and any time-cohort changes in population or related treatments that may have occurred. We recommend allowing the Type I error to be considerably higher than the usual level for this comparison, since it will only proceed if both Versions 1 and 2 are significantly better than control. In that setting the negative impact of a Type I error is markedly less important; that is, a false conclusion that Version 2 is superior to Version 1 has fewer adverse consequences when both versions are effective compared to control.
We implemented the EBET approach in the HeartStrong trial. The initial intervention consisted of provision of electronic pill bottles to patients, combined with daily feedback and a daily lottery for medication adherence; patients also named medication support partners and had contact as needed with study engagement advisers and social workers. Side experiments during the first year of the study focused on the effect of support partner nomination and optimizing the recruitment process. Using these results and incorporating our operational experience, we deployed an enhanced Version 2 about midway through the trial period. Since our leading indicator of success (medication adherence) was high, we did not make extensive changes to the protocol; however, we implemented improvements to the recruitment process and the online patient interface. The primary outcome was time to first fatal or nonfatal acute vascular event or revascularization, including acute myocardial infarction, unstable angina, stroke, acute coronary syndrome admission, or death. We anticipated the 1-year event rate in the usual care group to be approximately 23% 20 and designed the trial to provide 80% power to detect a hazard ratio of 0.7; this corresponds to a 6% decrease in the event rate in the intervention group. Thus, we planned to accrue 1500 patients over the 24-month period in which Versions 1 and 2 were implemented; the 2:1 randomization ratio yielded 500 control and receiving Versions 1 and 2. When comparing the individual versions to the contemporaneous usual care group, 500 subjects per arm provide 80% power to detect a hazard ratio of about 0.5, which corresponds to a reduction in the 1-year event rate of 11% points. In direct comparisons of Versions 1 and 2, we allowed a more generous Type I error of 0.25, since this comparison will proceed only if both versions are more effective than usual care, and in that scenario the implications of committing a Type I error are considerably reduced. With 500 patients receiving each version, we have 80% power to detect a hazard ratio of 0.62; assuming a baseline event rate of 17% in Version 1, this corresponds to a reduction of about 6% in Version 2.
Opt-out consent framework
A second innovation in pragmatic trial design incorporates the use of opt-out framing for the consent process. Traditional RCTs use opt-in consent, in which potential participants are identified and contacted. After hearing the study description, they decide whether or not to participate. The default is non-participation. In traditional RCTs, barriers to enrollment are often high: the study may require extra clinic visits, procedures, and/or interviews. As a result of this process, consent rates are often low and only a small portion of the eligible population is ultimately enrolled. In the shared incentives trial, for example, approximately 6% of the targeted population eventually enrolled.
One goal of pragmatic trials is to increase the proportion of the target population that ultimately enrolls in the trial. As mentioned above, streamlining eligibility criteria and study requirements can partially accomplish this goal. Changing the framing of the consent process to an opt-out scenario, in which the default is participation rather than non-participation, is another powerful approach. In a strict opt-out approach, potential participants are automatically enrolled and randomized in advance; they are then informed and given the opportunity to decline participation by opting out. Failure to opt out is deemed tacit consent. A middle ground approach uses opt-out framing to encourage the default of participation, by contacting potential participants and describing their enrollment in a new program; following this contact, consent is still obtained from participants, and choice is not restricted. Use of the opt-out framing is generally expected to result in a more diverse sample of trial enrollees, including many who would not enroll under the traditional opt-in paradigm. This approach enhances generalizability. It also changes, likely reduces, the differential effectiveness between intervention and control arms. Opt-out framing is suitable for low-risk interventions, such as those in the two trials described here. The interventions do not involve prescribing new or untested medical therapies, but rather provide reinforcement of choices already made by clinicians to use a therapy with a very favorable benefit/risk ratio; an example is adherence to medications that lower cholesterol among patients at high risk of cardiovascular disease.
In both the shared incentives trial and the HeartStrong trial, we conducted side experiments evaluating the use of opt-out framing of the consent process. In the shared incentives trial, we randomized a separate population of patients with uncontrolled blood sugar to either opt-in or opt-out framing for enrollment. 27 Subjects randomized to opt-in were sent the standard letter and then contacted to invite their participation. Subjects randomized to opt-out were sent a similar letter explaining the program but were informed they had been enrolled and provided a number to call to opt out. In both arms, subjects were required to give informed consent and were considered formally enrolled when they appeared in person at a baseline study visit. All subjects were then offered home monitoring devices with a lottery for daily monitoring for 3 months. Preliminary analysis indicates an approximate tripling of the enrollment rate in the optout arm compared to the opt-in arm. Adherence to daily monitoring was higher in the opt-in arm than in the opt-out arm. These results are consistent with the view that opt-out enrollment provides more generalizable information. These results are also consistent with greater difficulty to demonstrate efficacy, which is likely to be appropriate given that what we really want to know is how effective the intervention will be in a less selected population and that almost always requires a higher evidentiary standard.
In the HeartStrong trial, we conducted an opt-out experiment in patients discharged from the University of Pennsylvania Health System (UPHS) with myocardial infarction. We sent 50 patient study packets that included the letter describing the study along with the electronic pill bottle kits used to measure medication adherence and determine lottery eligibility. We provided opt-out information and followed up with telephone calls to obtain consent. We compared the consent rate in these 50 patients to that of UPHS patients with similar insurance whom we recruited for the HeartStrong trial. The consent rate among the optout patients was more than doubled compared to that among UPHS HeartStrong patients. Preliminary information on adherence measured with the electronic pill bottle indicates that it was comparable between the two groups.
Both of these studies provide compelling evidence that enrollment into pragmatic trials can be markedly increased by re-framing the consent process as opt-out rather than opt-in; we achieved nearly a threefold increase in enrollment with this approach. There is some evidence that this is accompanied by a dampening of the effectiveness of the intervention, at least on intermediate adherence outcomes. Even if that is true, however, it is likely to more accurately represent effectiveness, which is typically the main consideration.
A more pragmatic design eliminates consent entirely, even for randomized trials. Such trials would more accurately estimate expected effectiveness in unselected populations. Unconsented randomized trials must be carefully restricted to contexts where risks are very low and overseen by experienced institutional review boards. Many quality improvement projects conducted in naturalized clinical settings fit this pattern. For example, if either of two approaches to streamlining patient scheduling activity (such as a concierge service or an online portal) would be acceptable to roll out for all patients without consent as part of an ongoing quality initiative, randomization of participants (without consent) can determine which is better without exposing participants to risk. 28 
Discussion
Pragmatic trials offer a number of improvements over traditional RCTs, including simplicity and broadened eligibility. These same features may conspire to reduce achievable effect sizes, however, highlighting the need for innovations in pragmatic trial design. We offer two such innovations.
The first, EBET, allows for rapid-cycle innovation while maintaining the comparability afforded only by randomization. This approach recognizes that typical clinical trials set an intervention in motion at the start, but rarely anticipate the expected advances in knowledge that occur in parallel, advances that could have allowed for ongoing adaptation and enhancement of interventions as might occur in the real world. Careful attention to hypothesis testing is needed within this framework, but an understanding of the implications of Type I and Type II errors for different kinds of hypotheses allows for efficient comparisons and ongoing optimization of interventions.
The second innovation, conversion to an opt-out framing of trial enrollment, derives from a recognition of the power of defaults. Choice architecture and judicious use of defaults have been shown in numerous settings to optimize desired outcomes without restricting freedom of choice. With continued interest in pragmatic trials and the call for comparative effectiveness trials to be situated in ''real world'' settings, using an opt-out default appears to be a promising way to increase the generalizability of findings. This approach may be particularly important for trials aiming to demonstrate and compare the effectiveness of interventions that require significant participant motivation and ongoing engagement.
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